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Abstract: Membranes made from binary mixtures of egg sphingomyelin (ESM) 
and cholesterol were investigated using conventional and saturation-recovery 
EPR observations of the 5-doxylstearic acid spin label (5-SASL). The effects of 
cholesterol on membrane order and the oxygen transport parameter (bimolecular 
collision rate of molecular oxygen with the nitroxide spin label) were monitored 
at the depth of the fifth carbon in fluid- and gel-phase ESM membranes. The 
saturation-recovery EPR discrimination by oxygen transport (DOT) method 
allowed the discrimination of the liquid-ordered (/ 0 ), liquid-disordered (/d), and 
solid-ordered (v 0 ) phases because the bimolecular collision rates of the molecular 
oxygen with the nitroxide spin label differ in these phases. Additionally, oxygen 
collision rates (the oxygen transport parameter) were obtained in coexisting 
phases without the need for their separation, which provides information about 
the internal dynamics of each phase. The addition of cholesterol causes 
a dramatic decrease in the oxygen transport parameter around the nitroxide 
moiety of 5-SASL in the l 0 phase, which at 50 mol% cholesterol becomes 
-5 times smaller than in the pure ESM membrane in the / d phase, and -2 times 
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smaller than in the pure ESM membrane in the s 0 phase. The overall change in 
the oxygen transport parameter is as large as -20-fold. Conventional EPR 
spectra show that 5-SASL is maximally immobilized at the phase boundary 
between regions with coexisting l d and l 0 phases or So and / 0 phases and the 
region with a single l 0 phase. The obtained results allowed for the construction of 
a phase diagram for the ESM-cholesterol membrane. 

Key words: Liquid-ordered phase, Raft domain, Sphingomyelin, Cholesterol, 
Lipid bilayer, Spin labeling, EPR 

INTRODUCTION 

Rafts are membrane domains that require lipid-lipid interaction for their 
formation [1]. Despite the large number of papers published on them, there are 
still persistent doubts about many aspects of lipid rafts, including how they are 
defined, and their size, composition, lifetime, and biological relevance (see 
recent reviews [2-6]). Rafts are considered to be representative of dynamic 
domains and molecular complexes in the cell membrane, although they have not 
yet been clearly defined [2, 3, 6]. Experiments with biological membranes 
defined rafts as lipid domains requiring both cholesterol and sphingolipids, and 
also yielded two operational definitions for lipid rafts. The first deals with the 
constituents of the rafts. Detergent insolubility is mainly used to biochemically 
define raft domains in membranes [7, 8]. In fact, the hallmark of the raft- 
constituent molecule is that it is recovered in the light fraction after cold Triton 
X-100 extraction and sucrose density gradient centrifugation. This light fraction 
is often called the detergent-resistant membrane fraction. The second definition 
deals with raft requirements in cell function: depletion of either cholesterol or 
sphingolipid from cell membranes leads to the disappearance of the detergent- 
resistant fraction and the loss (or modulation) of specific membrane functions 
(signaling events) connected with rafts [9]. However, such biochemical 
approaches do not provide direct information on rafts in the membranes of living 
cells [10, 11]; it is necessary to know the morphology, lifetime, molecular 
organization, and dynamics of the raft-constituent molecules and of the raft itself 
in the membrane. In model membranes, Triton X-100 promotes the formation of 
raft domains, which suggests that the sphingolipid-rich and cholesterol-rich 
domains isolated from the detergent do not reliably reflect the organization of 
lipids in the cell membrane [12]. These problems are emphasized in the critical 
review by Munro [6], in which he exposes the weak points of the raft concept. 
Recently, Pike [13] formulated a new definition, which states that “membrane 
rafts are small (10-200 nm), heterogeneous, highly dynamic, sterol- and 
sphingolipid-enriched domains that compartmentalize cellular processes. Small 
rafts can sometimes be stabilized to form larger platforms through protein- 
protein and protein-lipid interactions.” The dynamic character of rafts has also 
been shown in other studies [14-16]. Suzuki et al. [15, 16] discussed the possible 
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role of dynamic raft microdomains in signal transduction in the plasma 
membrane. 

Conventional electron paramagnetic resonance (EPR) spectroscopy has already 
been used to identify coexisting phases in the binary mixtures of 
phosphatidylcholine (PC) and cholesterol, providing evidence for the existence 
of the liquid-ordered phase [17-19]. On the basis of early EPR work, a phase 
diagram was proposed for PC-cholesterol mixtures with phase boundaries drawn 
indicating the region where fluid phase/fluid phase separation occurs and two 
immiscible phases are formed. We also made an effort to better characterize raft 
domains using the unique abilities of the discrimination by oxygen transport 
(DOT) method. This saturation-recovery EPR spin-labeling method is able not 
only to discriminate different membrane domains but also to characterize them 
by the oxygen transport parameter (oxygen diffusion-concentration product) in 
situ without the need for physical separation [14, 20, 21]. The oxygen transport 
parameter provides useful information about the internal dynamics of each 
domain [20-28]. Knowledge of these properties allows us to assign unknown 
domains to a certain phase. It is believed that raft domains are in the liquid- 
ordered phase [5, 29, 30]. However, the liquid-ordered phase is poorly 
characterized for the region of cholesterol concentration when it coexists with 
either the liquid-disordered or solid-ordered phase. 

Using the DOT method, we studied the behavior of molecular oxygen in binary 
mixtures of dimyristoylphosphatidylcholine (DMPC) and cholesterol as 
a function of cholesterol content (from 0 to 50 mol% cholesterol), temperature, 
and the location of spin labels in the membrane [22]. This is a well-defined 
membrane system with a well-known phase diagram [31]. In earlier studies, the 
phases - liquid-ordered (/ 0 ), liquid-disordered (/d), and solid-ordered (s 0 ) - were 
characterized in terms of their physical properties, but mainly for cholesterol 
concentrations for which a sole phase (/ 0 , /d, or s 0 ) is expected [29, 32-36]. The 
major effort of our recent research was focused on the cholesterol concentration 
range for which these phases are expected to coexist [22]. We would also like to 
direct readers to the paper by Almeida et al. [37] for a terminological discussion 
regarding “phases” and “domains.” 

In this study, we applied both saturation-recovery and conventional EPR 
techniques to investigate phases and their properties in the binary mixtures of 
egg sphingomyelin (ESM) and cholesterol as a function of cholesterol content 
(from 0 to 50 mol%) and temperature. For these preliminary investigations, we 
chose one spin label (5-doxylstearic acid spin label, 5-SASL), with the nitroxide 
moiety located near the polar headgroup region in the hydrocarbon core of the 
membrane. This is where the rigid steroid-ring structure of cholesterol is located 
and where we expect to see the strongest effect of cholesterol on membrane 
properties. We chose 5-SASL rather than 5-PC (l-palmitoyl-2- 
(5-doxylstearoyl)phosphatidylcholine) to avoid introducing another phospholipid 
to the investigated system. Previously, we showed that the stearic acid spin 
labels [14, 21] distribute favorably between the membrane phases and domains. 
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Also, the membrane properties measured with n-SASLs were practically 
identical to those measured with n-PC [21, 22]. The binary mixture of 
sphingomyelin and cholesterol has not been as extensively investigated as 
PC-cholesterol mixtures; however, preliminary phase diagrams have already been 
published. Sankaram and Thompson [38] identified phase boundaries between the 
4 and 4 + 4, and the 4 + 4 and 4 phases for a binary mixture of bovine brain 
sphingomyelin (BSM) and cholesterol, and at temperatures above the phase- 
transition temperature. These phase boundaries only indicate regions of 
cholesterol concentration and temperature in which different phases exist or 
coexist. However, based on these investigations alone, the phases cannot be 
unambiguously identified; furthermore, the physical properties of different 
phases cannot be extracted. De Almeida et al. [39] investigated the phase 
behavior of the palmitoylsphingomyelin-cholesterol (PSM-cholesterol) binary 
mixture and also identified phase boundaries. In addition to the boundaries 
observed by Sankaram and Thompson [38], they identified the boundaries 
between the s 0 and s 0 + 4 and the s 0 + 4 and 4 phases at temperatures below the 
phase-transition temperature. In our study, we were able to detect coexisting 
4 and 4 phases for temperatures above the phase-transition temperature, and 
coexisting 4 and s 0 phases for temperatures below the phase-transition 
temperature. We were particularly concerned with distinguishing the 4 phase 
from the liquid-disordered (or solid-ordered) lipids, and obtaining the physical 
characteristics of this phase in the presence of other phases (in situ , without 
a physical separation). We obtained values for the oxygen transport parameter 
(oxygen diffusion-concentration product) in these three phases, providing unique 
physical characteristics for each phase. This complements our previous paper 
[22], in which we characterized the binary mixture of DMPC and cholesterol, 
the simplest paradigm for the study of liquid ordered-disordered phase 
separation. The data obtained in these studies could be used as a reference to 
compare the properties of lipid phases and domains in model and biological 
membranes. 

MATERIALS AND METHODS 
Materials 

Egg sphingomyelin (ESM) and cholesterol were obtained from Avanti Polar 
Lipids, Inc. (Alabaster, AL). 5-doxylstearic acid spin label (5-SASL) was 
purchased from Molecular Probes (Eugene, OR). The chemical structures of 
ESM, 5-SASL and cholesterol, and their approximate localizations in the lipid 
bilayer membrane are presented in Fig. 1. 

Preparation of the ESM-cholesterol membranes 

The membranes used in this study were multilamellar dispersions of ESM 
containing 1 mol% of 5-SASL and various amounts of cholesterol, from 0 to 
50 mol%, called the overall cholesterol mole fraction (or mixing ratio). The 
membranes were prepared by the method given in [17]. Briefly, chloroform 
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solutions of ESM, 5-SASL, and cholesterol were mixed (containing 5 pmol of 
total lipids), the chloroform was evaporated with a stream of nitrogen gas, and 
the lipid film on the bottom of the test tube was thoroughly dried under reduced 
pressure (about 0.1 mmHg) for 12 h. A buffer solution (0.2 mL of 0.1 M borate, 
pH 9.5) was added to the dried lipids at 50°C and vortexed vigorously. A rather 
high pH was chosen to ensure that all the 5-SASL carboxyl groups were ionized 
in the ESM membranes [40]. The physical properties of the ESM membranes 
should be insensitive to pH in the range of-5 to -11, because the ionization of 
the ESM polar phosphatidylcholine headgroups does not change in this pH range [41]. 



PSM 


CHOL 



5-SASL 


AQUEOUS 

PHASE 


HEAD 

GROUP 

REGION 


HYDROCARBON PHASE 


Fig. 1. The chemical structures of cholesterol, 5-SASL and PSM, and their approximate 
locations in the PSM bilayer. ESM is a mixture of sphingomyelins with an 84% PSM 
content. 

Conventional EPR measurements 

The ESM or ESM-cholesterol membranes were centrifuged briefly, and the 
loose pellet (about 20% lipid, w/w) was used for EPR measurements. The 
sample was placed in a capillary (0.6 mm i.d.) made of a gas-permeable 
polymer, TPX [42]. The capillary was placed inside the EPR dewar insert, and 
equilibrated with nitrogen gas, which was also used for temperature control. The 
sample was thoroughly deoxygenated at a temperature above the phase- 
transition temperature of ESM to obtain the correct line shape. In all the EPR 
measurements, the temperature was monitored using a copper-constantan 
thermocouple that was placed in the sample just above the active volume of the 
cavity. EPR spectra were obtained with an X-band Varian E-109 spectrometer 
with an E-231 Varian multipurpose cavity (rectangular TE 102 mode). 

Saturation-recovery EPR measurements 

The sample was prepared like that for the conventional EPR measurements and 
placed in a TPX capillary (0.6 mm i.d.). For the measurements of the oxygen 
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transport parameter, the concentration of oxygen in the sample was controlled by 
equilibration with the same gas that was used for the temperature control 
(i.e. a controlled mixture of nitrogen and dry air adjusted with flowmeters; 
Matheson Gas Products, Model 7631H-604) [42, 43]. The spin-lattice relaxation 
times 7js of 5-SASL were determined by analyzing the saturation-recovery 
signal of the central line obtained by short-pulse saturation-recovery EPR at the 
X-band with the use of a loop-gap resonator [22, 27, 44, 45]. The saturation- 
recovery curves were fitted by single or double exponential functions. 

The discrimination by oxygen transport (DOT) method 

The DOT method is a dual-probe saturation-recovery EPR approach in which 
the observable parameter is the spin-lattice relaxation time (7j) of lipid spin 
labels, and the measured value is the bimolecular collision rate between 
molecular oxygen and the nitroxide moiety of spin labels [20-22]. The oxygen 
transport parameter, JV(x), was introduced as a convenient quantitative measure 
of the rate of the collision between the spin probe and molecular oxygen by 
Kusumi et al. [28], as: 

W(x) = T;\Air, x) - TV'OSfj, x), (1) 

where the first 7j is the spin-lattice relaxation times of the nitroxides in samples 
equilibrated with atmospheric air, and the second is the value for those 
equilibrated with nitrogen. W(x) is proportional to the product of the local 
translational diffusion coefficient D(x) and the local concentration C(x) of 
oxygen (and is thus called a “transport” parameter) at a depth x in the membrane 
that is in equilibrium with atmospheric air. Thus: 

W(x) = AD(x)C(x ), A = 8 7rpr 0 (2) 

where r 0 is the interaction distance between oxygen and the nitroxide moiety of 
the spin label (-4.5 A, [46]), and p is the probability that an observable event 
occurs when a collision occurs; this is very close to 1 [42]. In this paper, the 
word “transport” is used in its basic physical sense, indicating the product of the 
(local) translational diffusion coefficient and the (local) concentration of oxygen 
in the membrane. Active transport across the membrane is not the subject of this 
paper. 

When located in two different membrane domains or phases (e.g. the l 0 and / d , or 
the / 0 and s 0 ), the spin label alone most often cannot differentiate between these 
domains (phases), yielding very similar (indistinguishable) conventional EPR 
spectra and similar 7j values. However, even small differences in the lipid 
packing of these domains (phases) will affect oxygen partitioning and oxygen 
diffusion, which can easily be detected by observing the different Tjs from the 
spin labels in these two locations in the presence of oxygen. In membranes 
equilibrated with air and consisting of two lipid environments with different 
oxygen transport rates - the fast oxygen transport (EOT) domain (phase) and the 
slow oxygen transport (SLOT) domain (phase) - the saturation-recovery signal 
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is a simple double-exponential curve with time constants of 7) 1 (Air, FOT) and 
7V 1 (Air, SLOT) [14, 20,21], 

W( FOT) = Ff‘(Air, FOT) - T{\ N 2 , FOT) (3) 

1F(SL0T) = 7y‘(Air, SLOT) - 7y‘(N 2 , SLOT) (4) 

Here, “x” from Eq. 1 is changed to the two membrane domains (phases), FOT 
and SLOT, at a fixed depth (5-SASL is distributed between the FOT and SLOT 
domains (phases)). fE(FOT) and IF(SLOT) are the oxygen transport parameters 
in each domain (phase), and represent the collision rates in samples equilibrated 
with air. 

RESULTS 

Saturation-recovery measurements of the oxygen transport parameter 

Saturation-recovery measurements were performed for 5-SASL in ESM 
membranes containing various concentrations of cholesterol (from 0 to 
50 mol%) and equilibrated with nitrogen or with the air/nitrogen mixture 
(10, 25, or 50% air in the air/nitrogen mixture). The recovery curves were fitted 
to single and double exponentials and compared. Fig. 2 shows the typical 
saturation-recovery signals for ESM membranes with 0, 20, and 50 mol% 
cholesterol recorded at 43°C. In the bilayers containing 0 (A, B) or 50 (E, F) 
mol% cholesterol, the saturation-recovery signals were satisfactorily fitted to 
a single exponential function in both the absence (A, E) and presence (B, F) of 
molecular oxygen (in nitrogen and in the mixture of 50% air and 50% nitrogen, 
respectively). For the overall cholesterol concentration of 20 mol% (C, D), the 
saturation-recovery signals in the presence of molecular oxygen (D) could be 
fitted satisfactorily only to double exponential curves (compare the residual for 
the single- and double-exponential fit), whereas a single-exponential fit was 
satisfactory in the absence of molecular oxygen (C). These results indicate the 
presence of two coexisting phases characterized by different oxygen transport 
parameters (the FOT and SLOT phases). As the pre-exponential factors in the 
fitting of the recovery curves are not robust parameters, we were unable to 
correlate the apparent populations of the fast- and slow-recovery components to 
the populations of spin labels in these two phases. The decay time constants 
were determined within an accuracy of ± 3% and ± 5%, respectively for single 
exponential fits and double exponential fits. 

The spin-lattice relaxation times (T\ s) of 5-SASL recorded for the fluid phase 
ESM membranes containing cholesterol (in the absence of oxygen) were always 
greater than the T \s recorded for the pure ESM bilayer (without cholesterol). 
This result concurs with the theoretical development on the spin-lattice 
relaxation of nitroxides [47], and indicates that the motion of 5-SASL is 
suppressed. In our earlier work [26, 44], we also showed that cholesterol 
increases T\ in and near the polar headgroup region. 
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Lig. 2. Representative saturation-recovery signals with fitting curves and the residuals 
(the experimental signal minus the fitted curve) of 5-SASL in the ESM-cholesterol bilayer 
obtained at 43°C. The liposome suspensions were equilibrated with nitrogen (A, C, E) or 
a mixture of 50% air and 50% nitrogen (B, D, L). The overall cholesterol content (mixing 
ratio) in the membrane was 0 (A, B), 20 (C, D), or 50 (E, L) mol%. The experimental data 
was fitted either to single exponentials with time constants of 4.35 (A), 0.81 (B), 4.44 (C), 
4.63 (E), and 2.65 ps (F), or to a double exponential with time constants of 2.13 and 
0.93 ps (D). For 20 mol% overall cholesterol in the presence of oxygen (D), the search for 
a single exponential fit was unsatisfactory (see the top residual), while a double¬ 
exponential fit was excellent (see the bottom residual). The double-exponential fit is 
consistent with the presence of two immiscible phases (domains) with different oxygen 
transport parameters. 


In Fig. 3, the T{ 1 values for 5-SASL in ESM membranes without and with 20 or 
50 mol% cholesterol are shown as a function of oxygen concentration 
(in percent air) in the equilibrating gas mixture. All of the plots exhibited a linear 
dependence on the percentage of air, even when 5-SASL is distributed between 
two phases. This indicates that the exchange rate of 5-SASL molecules 
(we assume the same is valid for ESM molecules) between the two coexisting 
phases is slow (<10 4 s" 1 , the upper time window limit of the DOT method [20]). 
The oxygen transport parameter, JV(x), was obtained by extrapolating the linear 
plot to the sample equilibrated with atmospheric air (100% air, see Eq. 1 and 
[28]). This process is required because accurate observation of saturation 
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recovery is increasingly difficult, as the oxygen partial pressure increases due to 
faster recoveries. Not less than three decay measurements were performed for 
each point in the plot, with an accuracy of JV(x) evaluation better than ± 10%. 



Fig. 3. T{ 1 for 5-SASL in various phases of the ESM-cholesterol membrane at 43°C, 
plotted as a function of the fraction of air in the equilibrating gas mixture. The ESM 
membranes were with no cholesterol (open circle, / d phase), 20 mol% overall cholesterol 
(open triangle, / d phase; solid triangle, l 0 phase), and 50 mol% overall cholesterol (solid 
circle, / 0 phase). The oxygen transport parameter (W) measured for every phase is shown. 
The error bars represent the maximal deviation (see the Saturation-recovery measurements 
of the oxygen transport parameter subsection in the Results section). 

To assign the results presented in Fig. 3 (the two values of the oxygen transport 
parameter) to an appropriate phase or membrane domain, we used the statement 
from the literature that the properties of l 0 phase membranes lie between those 
for pure phospholipid fluid (/ d ) and gel (s 0 ) phases as a first approximation [48]. 
However, as we showed in our previous paper concerning the DMPC-cholesterol 
membrane [22], this statement is true only for low cholesterol concentrations. At 
high cholesterol concentrations, the properties of the l 0 membrane resemble 
those of the gel-phase membrane in the region close to the membrane surface 
and those of the fluid-phase membrane in the membrane center. At temperatures 
lower than the phase-transition temperature, the values of the oxygen transport 
parameter measured in the / 0 phase were even smaller than those measured in the 
gel-phase membrane. Therefore, we applied another criterion to our results. The 
properties of the / 0 phase that coexists below the phase-transition temperature 
with the So phase and above the phase-transition temperature with the / d phase 
should change gradually with increasing temperature and without any abrupt 
change at the phase transition. By contrast, the properties of the s 0 phase should 
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change abruptly at the phase transition, because this phase disappears at higher 
temperatures and becomes an l d phase. Therefore, we performed careful 
measurements of the temperature dependences of the oxygen transport parameter 
across the phase transition for the ESM membrane containing different 
cholesterol concentrations. 

Oxygen transport parameter at phase transition 

The oxygen transport parameter was measured as a function of temperature for 
ESM membranes containing six different overall cholesterol mole fractions 
(0, 10, 20, 30, 40, and 50 mol% cholesterol) in order to detect two phases 
(domains) existing below (s 0 and / 0 ) and above (/ d and / 0 ) the phase-transition 
temperature of the ESM membrane. These types of plots also help to decide 
which data points come from the s 0 , / d , and l 0 phases [22]. The data shown in 
Eig. 4 indicates that the lipid environment is homogenous in terms of oxygen 
transport (only single exponential saturation-recovery signals were observed) for 
the pure ESM membrane (s 0 phase below and l d phase above the phase-transition 
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Fig. 4. The oxygen transport parameter obtained with 5-SASL in the ESM-cholesterol 
membrane containing 0, 10, 20, 30, 40, and 50 mol% overall cholesterol, plotted as 
a function of temperature. The abmpt change in oxygen transport for a pure ESM 
membrane observed between 33 and 37°C indicates the phase transition. The two oxygen 
transport parameters obtained for the membranes containing 10, 20, and 30 mol% overall 
cholesterol represent those for the l 0 (solid symbols) and s 0 (open symbols) phases below 
the phase-transition temperature, and / 0 (solid symbols) and / d (open symbols) phases 
above the phase-transition temperature of ESM. The error bars are not depicted for clarity; 
however, the maximal deviation of W(x) was estimated as ± 10% (see the Saturation- 
recovery measurements of the oxygen transport parameter subsection in the Results 
section). 
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temperature) and in the presence of 40 and 50 mol% cholesterol (/ 0 phase). ESM 
membranes with overall cholesterol mole fractions of 10, 20, and 30 mol% 
exhibit two coexisting phases with different oxygen transport parameters (the 
LOT and SLOT phases). Below the phase-transition temperature, we attribute 
them to the So and l 0 phases, and above the phase-transition temperature, to the 
/d and l 0 phases. However, at 31 and 37°C and 30 mol% cholesterol, only one 
phase was found, which we attributed to the l 0 phase. Points assigned to the 
appropriate phases are indicated in Lig. 4. As indicated above, points for which 
the oxygen transport parameter changes gradually across the phase transition 
were assigned to the l 0 phase (below and above the phase-transition 
temperature), and points for which the oxygen transport parameter changes 
abruptly across the phase transition were assigned to the So phase below the 
phase-transition temperature and to the /a phase above the phase-transition 
temperature. Such phase behavior (s 0 turns into /a, whereas l 0 changes more 
gradually across the ESM membrane phase transition) was expected, and 
concurs with the phase diagram proposed in the Discussion. Some of the 
discrepancies observed for the l 0 phase may be a result of the redistribution of 
cholesterol between coexisting So and l 0 phases below and /a and l 0 phases above 
the phase-transition temperature (determined by the related phase boundaries), 
and/or a result of the composition of the ESM membrane, which is a mixture of 
sphingomyelins with an 84% PSM content. 

The oxygen transport parameter in the l 0 phase, at all cholesterol concentrations 
and at temperatures below the phase-transition temperature, is smaller by 
30-50% than that in the pure gel-phase ESM membrane. Surprisingly, the 
oxygen transport parameter in the So phase at the overall cholesterol 
concentration of 10-30 mol% is 2-3 times greater than that in the pure gel-phase 
ESM membrane. Above the phase-transition temperature, the oxygen transport 
parameter at all cholesterol concentrations is always smaller in the l 0 phase than 
that in the l d phase. These are interesting and somewhat unexpected results, 
which will be discussed in the Discussion. 

The liquid-ordered phase in a liquid-disordered or solid-ordered environment 

In Fig. 5, the values of the oxygen transport parameter measured using 5-SASL 
incorporated into the ESM membranes are plotted as a function of the overall 
cholesterol content. We chose these displays to better show the properties of all 
the phases in the ESM-cholesterol membrane as detected by the oxygen 
transport parameter (oxygen diffusion-concentration product). In Fig. 5A, the 
values of the oxygen transport parameter in the So and l d phases at different 
temperatures are plotted as a function of the overall cholesterol concentration. In 
both phases, the addition of cholesterol causes an increase of the oxygen 
transport parameter, with the maximal effect at 5-10 mol%. The increase is small 
in the l d phase (5-8%), while in the So phase, the increase can be as great as 
100-200%. The further addition of cholesterol causes a decrease in the oxygen 
transport parameter in the / d phase (by -30%), while the oxygen transport 
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parameter in the s 0 phase stabilizes at the maximal level. At the overall 
cholesterol concentration of 10-30 mol%, both the s 0 and l d phases should be 
saturated with cholesterol and contain about 5 mol% cholesterol (see [38] and 
the phase diagram in Lig. 8). The increase in the fluidity of the s 0 and l d phases 
caused by such a small amount of cholesterol is in agreement with our earlier 
observations that small amounts of cholesterol (<5 mol%) increase the mobility 
of the alkyl chain ( gauche-trans isomerization) in the gel-phase and fluid-phase 
dipalmitoyl-PC (DPPC) membranes [49]. In both membranes, a strong 
rigidifying effect of cholesterol is observed only for cholesterol concentrations 
above 5 mol%. The fluidizing effect was very strong in the gel-phase and rather 
weak in the fluid-phase membranes (see [49] for more explanation). The 
behavior at higher cholesterol concentrations is discussed below. 




Fig. 5. The oxygen transport parameter obtained with 5-SASL in the ESM-cholesterol 
membrane at different temperatures, plotted as a function of the overall cholesterol 
concentration. A - The oxygen transport parameter in both the l d and s 0 phases. B - The 
oxygen transport parameter in the / 0 phase. The error bars represent the maximal deviation 
(see the Saturation-recovery measurements of the oxygen transport parameter subsection in 
the Results section). 

In Fig. 5B, the values of the oxygen transport parameter in the l 0 phase at 
different temperatures are plotted as a function of the overall cholesterol 
concentration. All the lines drawn for the results obtained at 20-55°C are close 
and almost parallel, which confirms our statement that at the phase-transition 
temperature, the properties of the l 0 phase do not abruptly change. Some 
discrepancy observed at low cholesterol concentrations can be explained by the 
different redistribution of cholesterol molecules between phases after the melting 
of the So phase at the phase transition. Additionally, the values of the oxygen 
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transport parameter measured at 20 and 31°C do not change with cholesterol 
concentration in the two coexisting phases (/ 0 and s 0 ), which is expected for 
a membrane made of the binary lipid mixture. According to the phase diagram in 
Lig. 8, variation of the overall cholesterol content between -10 and -30 mol% 
will affect only a fraction of the l 0 and s 0 phases, not their compositions (at 20°C, 
these two phases respectively contain a constant mole fraction of 35 mol% and 
5 mol% cholesterol, and at 31°C, they respectively contain a constant mole 
fraction of 25 mol% and 5 mol% cholesterol). In the overall cholesterol mole 
fractions between 0 and -5 mol% and -30 and 50 mol%, the phases remain 
s 0 and / 0 , respectively, and the cholesterol mole fraction in both phases is the 
same as the experimental mixing ratio. 

Lor temperatures above the phase-transition temperature, the / 0 and / d phases 
show unexpected characteristics in terms of the oxygen transport parameter. 
Variation of the overall cholesterol content between -10 and -30 mol% affects 
the oxygen transport parameter in the coexisting / 0 and / d phases, but even so, 
their compositions should not change for these cholesterol concentrations. In 
both phases, the oxygen transport parameter decreases when the overall 
cholesterol mole fraction increases. This effect suggests that when coexisting 
with the / d phase, the / 0 -phase domain is small. In this cholesterol range, not only 
do changes in the relative amounts of the / 0 and / d phases occur, but the size of 
the individual l 0 -phase domain also increases, reducing the effects of the 
surrounding / d phase. Below the phase-transition temperature, the effect of the 
surrounding s 0 phase on the properties of the / 0 phase is negligible, possibly 
because of its rigid and stable structure. 

As shown in Ligs 4 and 5, the saturation-recovery DOT method indicates the 
temperature and cholesterol concentration regions at which two phases coexist in the 
ESM-cholesterol membrane or at which the membrane exists as a single 
homogenous phase. The two coexisting phases were detected and characterized 
by the values of the oxygen transport parameter without the need for their 
physical separation. Our results indicate that the oxygen transport parameter is 
a useful monitor of membrane fluidity that reports on the translational diffusion 
of small molecules, and clearly show that the properties of the membrane phases 
monitored by the oxygen transport parameter depend on the overall cholesterol 
content in ESM-cholesterol membranes. It is easy to explain this dependence for 
regions of the phase diagram in which single homogenous phases exist as an 
effect of the increased cholesterol mole fraction in the / d or So phase (for 
0-5 mol% cholesterol) and in the / 0 phase (for 30-50 mol% cholesterol). The best 
monitor of these changes in the / 0 phase would be the profile of the oxygen 
transport parameter across the / 0 phase membranes. In membranes made of 
a binary mixture of phospholipids and cholesterol, these profiles changed from 
the bell shape at 30 mol% cholesterol, to the rectangular shape at 50 mol% 
cholesterol [22, 50, 51]. It is significant to note that the abrupt increase in the 
oxygen transport parameter, by a factor of 2-3, which is observed at 50 mol% 
cholesterol, occurs between the C9 and CIO position, which is approximately 
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where the steroid ring structure of the cholesterol molecule reaches into the 
membrane. Lor an overall cholesterol content between 10 to 30 mol%, when two 
phases coexist, we explain changes in the properties of the l 0 phase monitored by 
the oxygen transport parameter as the influence of the surrounding phases 
(/ d or s 0 phases) caused either by the bulk effect of the surrounding phase (with 
different oxygen concentrations) or by the different properties of the domain 
boundaries. As indicated above, in either case, the data suggests that the l 0 -phase 
domain is small (see also the discussion in [22]). 

Localization of phase boundaries as detected using the conventional EPR 
spectra of 5-SASL 

We performed additional measurements using conventional EPR techniques, which 
allow us to indicate the temperatures and cholesterol concentrations at which the 
phase boundaries in the ESM-cholesterol membrane are located. The values of the 
5-SASL maximum splitting spectral parameter (indicated in Lig. 6 as 2 A max ) 
plotted as a function of a mole fraction of cholesterol at the same temperature in 
fluid-phase PC-cholesterol membranes (DMPC-, DPPC-, and distearoyl-PC- 
cholesterol membranes) showed the extremum (the maxima in outermost 
splitting). The cholesterol content that yielded the largest 2 A max increased as the 
temperature was raised, and the positions of the maxima (in the 
temperature/cholesterol mole fraction display) coincided with the boundary 
between the region of coexisting l d + l 0 phases and the region of the l 0 phase alone 
([17] and citations therein). Because of the structural similarities, it seems 
appropriate that 5-SASL is a probe of alkyl chain order and phospholipid motion; 
thus, phospholipid alkyl chains are more immobilized along the boundary. A similar 
approach was used by Sankaram and Thompson [38] for studies on BSM- 
cholesterol membranes and Collado et al. [52] for studies on PSM-cholesterol 
membranes. They also found that the maximum splitting spectral parameter of 
5-SASL (or 5-doxyl-phosphatidylcholine spin label) shows a maximum when 
plotted as a function of the cholesterol mole fraction and assumed that the 
position of this maximum indicates boundaries between appropriate regions in 
the BSM-cholesterol (or PSM-cholesterol) membrane phase diagram. Here, 
based on the conventional EPR spectra of 5-SASL in ESM-cholesterol 
membranes (Lig. 6), we measured the maximum splitting spectral parameter and 
plotted it as a function of temperature (Lig. 7A) and the cholesterol mole fraction 
(Fig. 7B). 

Lig. 6 shows typical conventional EPR spectra of 5-SASL introduced into an 
ESM membrane containing different concentrations of cholesterol. 2 A max values 
were used as a conventional parameter to monitor the motional freedom of the 
nitroxide moiety of this spin probe. In the fluid-phase membrane, these spectra 
can be analyzed by the method of Hubbell and McConnell [53], in which the 
2 A max is directly related to the order parameter of 5-SASL [54]. The 2 A max value 
increases with increasing alkyl chain order. Usually, for brevity, this observation 
is described as a decrease in 5-SASL mobility. The remarkable feature of these 
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spectra is that there is no indication of the clearly visible conventional 
characteristics for the presence of two components at any temperature and at any 
cholesterol concentration used. This indicates that conventional EPR spectra 
cannot discriminate between the two coexisting phases in the ESM-cholesterol 
membrane (see the EPR spectra for 20 mol% cholesterol in Eig. 6B, recorded at 
conditions where the l 0 and l& phases or the l 0 and So phases should coexist). 


ABC 



Fig. 6. EPR spectra of 5-SASL in an ESM-cholesterol membrane containing 0 (A), 20 (B), 
and 50 (C) mol% cholesterol, obtained at three different temperatures. The measured 
maximum splitting spectral parameter, 2 A max , is shown. The outer wings were also 
magnified by recording at a 10-fold higher receiver gain, which allowed us to measure the 
2^4max value with an accuracy better than ± 0.2 G. 



Fig. 7. The 2 A max of 5-SASL in the ESM-cholesterol membrane containing 0, 20, and 
50 mol% cholesterol, plotted as a function of temperature (A), and in the ESM- 
cholesterol membrane at six different temperatures, plotted as a function of cholesterol 
concentration (B). The error bars represent the maximal deviation (see the caption for 
Fig. 6). 

Similarly, Kusumi et al. [17] and Sankaram and Thompson [38] observed single¬ 
component EPR spectra, respectively in the two-phase regions of the 
PC-cholesterol and BSM-cholesterol systems. We are aware that proving the 
absence of a second component (a strongly immobilized component) in 
conventional EPR spectra is difficult. As we showed previously [14, 21, 22] and 
confirmed here, the oxygen transport parameter obtained from the saturation- 
recovery measurements is a better monitor for distinguishing different membrane 
domains (phases) when the lifetime of the domains (phases) is longer than W(x)'\ 
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Lig. 7A shows that in ESM membranes containing different amounts of 
cholesterol, the 2 A max of 5-SASL decreases with temperature, indicating 
a decrease in the alkyl chain order. In the pure ESM membrane, an abrupt change 
in 2 A max values between 33 and 37°C is observed, which corresponds to the phase- 
transition temperature of ESM reported by Koynova and Caffrey [55]. The 
addition of 20 or 50 mol% cholesterol eliminates the phase transition as observed 
by 2 A max , although a significant difference between the effects of these two 
concentrations of cholesterol can be noticed, indicating that the plot of 2 A max as 
a function of cholesterol content should show the extremum. Indeed, Lig. 7B 
shows that the 2 A max of 5-SASL increases with the increase in cholesterol 
concentration up to 20-40 mol%, depending on temperature. Above this 
concentration, 2 A max decreases, showing a clear maximum not only for 
temperatures above the phase-transition temperature, but also below that 
temperature. Eollowing the observations of Kusumi et al. [17] and Sankaram and 
Thompson [38], we assume that the maximal values indicate the phase boundary. 
Below the phase-transition temperature, the observed boundary is between the 
region of s 0 + l 0 and / 0 , and above the phase-transition temperature, the boundary is 
between the region of / d + l 0 and l 0 . Similar observations were made by Sankaram 
and Thompson [38] for BSM-cholesterol membranes and by Collado et al. [52] 
for PSM-cholesterol membranes. 

DISCUSSION 

Based on saturation-recovery and conventional EPR measurements, we proposed 
a phase diagram for the ESM-cholesterol membrane (Lig. 8), in which we 
indicate three regions: Region I with coexisting / d and l 0 phases (above the 
phase-transition temperature), Region II with coexisting So and l 0 phases (below 
the phase-transition temperature), and Region III with the single l 0 phase. The 
boundaries between Regions I and III and Regions II and III were drawn based 
on measurements of the oxygen transport parameter. The horizontal bars in Lig. 8 
connect the points for which two coexisting phases were observed (/ d and l 0 or s 0 
and / 0 ) with the closest point for which the single l 0 phase was observed (taken 
from Eigs 4 and 5). The positions of the maxima in the 2 A max of 5-SASL (taken 
from Fig. 7B) are also included, indicated by “x”, and they coincide well with 
the boundaries drawn based on the saturation-recovery measurements. The 
boundary between Regions I and II was drawn based on the measurement of the 
phase-transition temperature, which is indicated as a vertical bar and reflects the 
measured width of transition (34-36°C). 

Sankaram and Thompson [38] show another phase boundary in Region I at low 
cholesterol concentrations (about 5 mol% for temperatures close to the phase- 
transition temperature), namely a boundary between the / d phase and the region of 
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Fig. 8. The phase diagram for the ESM-cholesterol membrane. The horizontal bars were 
drawn based on saturation-recovery EPR measurements. They connect the point for which 
two coexisting phases were observed (/ d and l 0 or s 0 and / 0 ) with the closest point for which 
the single / 0 phase was observed (taken from Figs 4 and 5). The thick lines crossing these 
bars represent the boundaries between these phases. The hatched area confined by vertical 
dotted lines represents approximate boundaries between the pure / d phase and the region of 
the coexisting / 0 and / d phases, and between the pure s 0 phase and the region of the 
coexisting l 0 and s 0 phases (based on de Almeida et al. [39] and Collado et al. [52]). The 
“x” represent the positions of the maxima in the 2 A max of 5-SASL (from Fig. 7B) and the 
phase-transition temperature of the pure ESM membrane (from Fig. 7A). 

the coexisting l 0 and / d phases. On the other hand, in the phase diagram drawn for 
PSM-cholesterol membranes by de Almeida et al. [39], similar boundaries 
between the / d phase and the region of the coexisting l 0 and / d phases and between 
the x 0 phase and the region of the coexisting l 0 and x 0 phases are indicated at 
slightly higher cholesterol concentrations (about 10 mol% and 8 mol%, 
respectively). Also, Collado et al. [52] discriminated these boundaries for 
a cholesterol concentration of about 8 mol%. Based on this information, we 
indicated these boundaries in a very approximate manner for temperatures close to 
the phase-transition temperature of ESM (Fig. 8, the hatched area confined by 
vertical dotted lines). 

The values of the oxygen transport parameter in the l 0 phase of the ESM- 
cholesterol membrane were obtained for the three distinct regions of the phase 
diagram when the l 0 and / d phases and the l 0 and x 0 phases coexist, and when the 
whole membrane was in the l 0 phase. In every case, the l 0 phase is characterized 
by low values of the oxygen transport parameter. The lowest values of the 
oxygen transport parameter were measured at high overall cholesterol 
concentrations (40 and 50 mol%). At these cholesterol concentrations 
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(membrane in the homogenous l 0 phase), the oxygen transport parameter, when 
measured at the same temperature, is about 5 times smaller than in the pure ESM 
membrane in the / d phase and about 2 times smaller than in the pure ESM 
membrane in the So phase. Lor intermediate overall cholesterol concentrations, 
the oxygen transport parameter in the l 0 phase is about 2-3 times smaller than in 
the surrounding / d phase and about 3 times smaller than in the surrounding 
So phase. 

The results obtained for the ESM-cholesterol membrane differ somewhat from 
those obtained by us earlier for the DMPC-cholesterol membrane using the same 
DOT method [22]. The respective values of the oxygen transport parameter in 
the l 0 phase of the ESM-cholesterol membrane are smaller than those in the 
l 0 phase of the DMPC-cholesterol membrane, which indicates that the l 0 phase of 
the former membrane is less fluid than that of the latter membrane. This can be 
explained by the molecular differences between sphingomyelins and 
phosphatidylcholines, which affect the phospholipid-cholesterol interaction. It is 
accepted that cholesterol interacts more strongly with sphingomyelins as 
compared to PC under matched conditions [56]. It has been suggested that direct 
intermolecular hydrogen bonding takes place between the 3 (3-hydroxyl group of 
cholesterol and the amide group of ESM [34], which may stabilize the 
sphingomyelin-cholesterol interaction. Also, Guo et al. [57] suggested that 
cholesterol may hydrogen-bond to the amide of sphingomyelin at higher 
cholesterol concentrations. It has also been shown that cholesterol condenses 
sphingomyelin monolayers more tightly and desorbs from such monolayers 
more slowly compared to PC [58], and also oxidizes more slowly in 
sphingomyelin bilayers when exposed to oxidase [59]. Such a strong interaction 
between cholesterol and sphingomyelin may be responsible for the unique 
properties of the l 0 phase in the binary systems presented in this paper. 
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